We report on magnetic field measurements of 157 chemically peculiar A/B stars (Ap/Bp) based on resolved, magnetically split absorption lines present in H-band spectra provided by the Sloan Digital Sky Survey (SDSS)/Apache Point Observatory Galactic Evolution Experiment (APOGEE) survey. These stars represent the extreme magnetic end of a still-growing sample of >900 Ap/Bp stars selected among the APOGEE telluric standard stars as those with Ce iii absorption lines and/or literature Ap/Bp classifications. The lines most frequently resolved into their split components for these stars in the H-band pertain primarily pertain to Ce iii, Cr ii, Fe i, Mn ii, Si i, and Ca ii, in addition to one or more unidentified ions. Using mean magnetic field modulus ( B ) estimates for transitions with known Landé factors, we estimate effective Landé factors for 5 Ce iii lines and 15 unknown lines and proceed to measure B of 157 stars, only 3 of which have previous literature estimates of B . This 183% increase in the number of Ap/Bp stars for which B has been measured is a result of the large number of stars observed by SDSS/APOGEE, extension of high-resolution Ap/Bp star observations to fainter magnitudes, and the advantages of long wavelengths for resolving magnetically split lines. With B ∼25 kG, the star 2MASS J02563098+4534239 is currently the most magnetic star of the SDSS/APOGEE sample. Effective Landé factors, representative line profiles, and magnetic field moduli are presented. The validity of the results is supported using optical, high-resolution, follow-up spectra for 29 of the stars.
INTRODUCTION
Globally ordered magnetic fields are observed in roughly 10-20% of intermediate and massive main sequence stars with spectral types between approximately F0 and B2. These stars, generally called chemically peculiar Ap and Bp stars (referred to as Ap stars in the rest of this Letter, for simplicity's sake), exhibit strong overabundances of certain iron peak elements and rare earths. The majority also exhibit underabundances of He, C, and O relative to solar abundances (e.g. Ghazaryan et al. 2018) , though the more massive Bp stars usually show overabundances of He and Si (e.g., Castro et al. 2017) . These effects are caused by the disruption of normal diffusion processes by the strong magnetic fields. As stars of more than a few solar masses are expected to lack significant surface convection zones in which magnetic dynamos are generated in low-mass stars, the strong magnetic fields of Ap stars are unexpected and often attributed to fossil fields inherited from the collapsed gas clouds (Moss 2001) .
The magnetic fields of Ap stars are most frequently diagnosed through spectropolarimetric measurements of the mean longitudinal field, B z , which is strongly dependent on the line of sight but can be obtained for the majority of Ap stars regardless of their rotation rates. However, an important group is formed by the Ap stars with low projected rotational velocities and strong kG magnetic fields. For these stars, conventional spectroscopy of sufficient resolution can be used to measure the mean magnetic field modulus, B , based on the wavelength separations of resolved, magnetically split lines (RMSLs). Although somewhat dependent on the geometry of the observation, B has the advantage of being primarily determined by the intrinsic stellar magnetic field strength. Prior to this work, 84 Ap stars with RMSLs were known (Mathys 2017), and their study allowed the measurement of their magnetic fields and the establishment of a number of general properties. The star with the strongest magnetic field currently known, "Babcock's Star" (HD 215441) is a B8V star with a surface dipole field strength of 34 kG (Babcock 1960; Preston 1969) .
The vast majority of past studies of Ap stars with RMSLs have relied on optical data of very slowly rotating stars (for which the Doppler effect does not serve to blend the split components), but spectroscopy at longer wavelengths provides several advantages in terms of resolving magnetically split lines. For example, the wavelength separation of magnetically split components is proportional to the square of the wavelength, such that for a fixed effective Landé factor, the spectral resolution required to resolve the split components of a line is significantly lower in the H-band than it would be in the optical. Further, the Doppler effect has a linear dependence on wavelength, such that magnetic splitting can be resolved in the H-band for stars that are rotating too fast for the splitting to be resolved in the optical.
In this Letter we present the analysis of a sub-sample of 154 new stars with RMSLs in the H-band, as well as of 3 stars for which RMSLs had been observed previously in the optical. The 157 stars were identified among the largest-ever spectroscopic survey of Ap stars to date, being carried out by the Sloan Digital Sky Survey (SDSS-III and SDSS-IV; Eisenstein et al. 2011; Blanton et al. 2017 ) sub-survey known as the Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al. 2017 ). This near-tripling of the number of Ap stars with B measurement is due partially to the volume and depth of the APOGEE survey. The 157 RMSL stars were identified among a much larger sample of ∼1000 Ap/Am stars with multi-epoch APOGEE observations, and the 91/157 stars with V magnitudes greater than 10 represents a 3000% increase in the number of V > 10 Ap stars for which B has been measured.
2. DATA
APOGEE H-band Spectroscopy
This Letter focuses primarily on data from the two APOGEE instruments, which are 300-fiber, R = 22, 500, H-band spectrographs that operate on the Sloan 2.5m telescope (Gunn et al. 2006) at Apache Point Observatory (APO) and on the Du Pont 2.5m telescope at Las Campanas Observatory (LCO) . Throughout this Letter, we refer to vacuum wavelengths when discussing the H-band data. Each APOGEE instrument records most of the H-band (15145-16960Å) on three detectors, with coverage gaps between 15800-15860Å and 16430-16480Å and with each fiber having a ∼2 diameter onsky field of view. Total exposure times in each observation are about one hour, and the the 2
• -3
• diameter APOGEE fields are usually observed multiple times on different nights, months, or years, to accumulate signal for fainter targets and to check for radial velocity variability. Individual spectra are ultimately combined into high signal-to-noise ratio (S/N) spectra for chemical abundance analysis. A detailed description of the APOGEE survey was presented by Majewski et al. (2017) , and the data reduction process has been described in Nidever et al. (2015) .
As discussed in Zasowski et al. (2013 Zasowski et al. ( , 2017 , 35/300 APOGEE fibers are placed on blank sky positions to facilitate the removal of airglow emission features from science spectra, and a further 15-35/300 fibers are placed on quasi-randomly selected hot stars that facilitate re-moval of telluric absorption features from science spectra. The latter are generally the bluest and brightest available stars in the field and are restricted to a magnitude range of roughly 6.5 < H < 11.0. They are selected mostly based on raw Two Micron All-Sky Survey (2MASS; Skrutskie et al. 2006 ) J −K color but also with spatial restrictions to account for variation of the telluric absorption across the field. To date, the APOGEE instruments have observed >40,000 telluric standard stars, permitting the serendipitous discovery of exotic objects including highly magnetized OB stars (Eikenberry et al. 2014) , Be stars (Chojnowski et al. 2015) , as well as a large sample of >900 Ap stars, some of which are the focus of this Letter.
ARCES Optical Spectroscopy
We also obtained optical spectra of 29 stars using the Astrophysical Research Consortium Echelle Spectrograph (ARCES; Wang et al. 2003) on the ARC 3.5m telescope at APO. ARCES covers the full optical spectrum (3500-10000Å) at a resolution of R=31,500. We used standard Image Reduction and Analysis Facility (IRAF 1 ) echelle data reduction techniques, including 2D to 1D extraction, bias subtraction, scattered light and cosmic ray removal, flat-field correction, wavelength calibration via Thorium-Argon lamp exposures, as well as continuum normalization and merging of orders.
SAMPLE SELECTION
The APOGEE Ap star sample currently consists of 986 stars that APOGEE has observed together more than 5500 times, with the about 85% of the stars having been identified among the APOGEE telluric standard stars via an algorithm designed to search for the presence of the doubly ionized Cerium (Ce iii) lines that are usually the strongest absorption features aside from the broad hydrogen Bracket series lines. The other 15% of the stars lack the Ce iii lines and were instead added to the sample based on literature Ap/Bp/Am classifications (for detailed definitions of these spectral classes, see Chapter 5.2 of Gray & Corbally 2009). These 986 Ap/Bp/Am stars therefore account for just over 2% of the APOGEE telluric standard stars, but this should be taken as a lower limit to the true fraction.
Whereas the overall sample will be discussed in future work, this Letter deals with the 157 stars (886 total spectra) for which RMSLs were visually identified in one or more APOGEE spectrum. For the majority of the 157 stars, RMSLs appear in multiple observations such that absorption lines in the combined spectra clearly exhibit splitting. However, 17/157 stars have only been observed once to date, and in another 49/157 cases, the RMSLs were noticed and measured in an individual spectrum rather than the combined spectrum. Usually this was due to one of the individual spectra having significantly higher S/N than the others, but in some cases, it was almost certainly due to temporal variability of the magnetic field strength.
LINE IDENTIFICATION
We used the APOGEE linelist (Shetrone et al. 2015) to identify the majority of absorption lines present in the H-band spectra. Atomic data for the Ce iii lines was obtained from a Ce iii linelist computed by Biémont et al. (2002) . This linelist was previously used by Hubrig et al. (2012, provided to them as private communication by Biemont et al.) , who were the first to confirm the presence of Ce iii lines in H-band spectra of Ap stars. For the optical follow-up spectra, we relied on the Kurucz linelist 2 for line identification. One or more ions are clearly missing from our H-band linelist, as indicated by several unidentified lines exhibiting RMSLs in the spectra of numerous stars. These features are usually detected simultaneously and they are occasionally the only metallic absorption features beyond Ce iii. They are probably due to some heavy element that cannot be identified owing to the limited availability of atomic data for λ > 10000Å. The strongest of these unknown lines is the 16184Å line, for which magnetically split components are observed in ∼31% of the larger Ap star sample. We used a sub-sample of 20 narrow-lined Ap stars exhibiting the unknown lines to measure accurate wavelengths for the features. Figure 1 displays the full APOGEE spectrum of one such narrowlined star (2MASSJ 01023033+7438487) along with a star for which the unknown lines are magnetically split (2MASSJ 06010117+3214538).
The Ce iii lines (15961, 15965, 16133Å, and in cases of strong Ce iii, also 16292 and 15720Å) are present in 100% of the sample at hand, with the 16133Å line exhibiting RMSLs for 63% of the sample and with the weaker 15961Å and 16292Å lines being split for 43% and 32% of the sample, respectively. The Ce iii 15965Å line is often blended with the strongest Si i line covered (15964Å), such that the splitting of Ce iii 15965Å can only be measured when the presence of Si i lines can be ruled out by confirming absence of Si i 15893Å and 16685Å. The fraction of stars with Ce iii 16133Å measurements would be even higher were it not for a strong airglow feature (16129Å) that is often poorly subtracted and may coincide with the blue wing of the Ce iii line depending on the stellar radial velocity.
Cr ii is the next most frequently magnetically split ion, with the splitting of the 15370 and 15470Å lines being measurable in 50% and 39% of the sample, respectively.
Other particularly useful lines include Fe i 15299Å (34%), Fe i 15626Å (31%), Fe i 16491Å (27%), Si i 16685Å (25%), as well as the unidentified line at 16184Å (31%). Unlike the situation in the optical, where Ap stars typically exhibit numerous Fe ii and Ti ii lines, no Fe ii lines are confidently detected in the spectra of any stars, and Ti ii detections are quite rare. The star 2MASS J23102121+4717017 is the only available example where more than two magnetically split Ti ii lines were resolved. Note-Only the first 10 rows are shown. The full version of this table is available in machine-readable format in the online version.
MEAN MAGNETIC FIELD MODULUS MEASUREMENT
Given measurements of the wavelength separations of magnetically split components in a given absorption line and knowledge of the Landé g factors of the associated energy levels, it is straightforward to compute the mean magnetic field modulus B in units of Gauss according to
Here, ∆λ is the separation inÅ between an outer and the central split component or else half of the separation between outer components in a triplet profile. λ 0 is the rest wavelength of the line inÅ and k is a constant, 4.67 × 10 −13Å−1 G −1 . It is important to note that although we have only analyzed spectral lines exhibiting apparent triplet profiles like those shown in the lower panels of Figure 1 , the Zeeman patterns (see Mathys 1990) of the H-band lines have not been investigated and Equation 1 is therefore an approximation.
The effective Landé factor (g eff ) of a given transition is calculated using the total angular momentum quantum numbers (J) and Landé factors (g) of the lower (1) and upper level (2) as follows:
where in the case of J 1 = J 2 , g eff is simply the average of the Landé factors of the lower and upper levels.
To measure ∆λ, we either fit Gaussians to the absorption features or simply estimated their positions visually. This was done interactively using the splot program in IRAF. For each star, the splitting was measured for as many lines as possible and the results were averaged, with assumed or derived errors on g eff being propagated appropriately. On average, measurements from ∼13 lines per star were used, but the range of number of lines used is quite large. In a few cases, the magnetic splitting could only be measured in two to three lines, often because the only metallic lines present are Ce iii. In the case of 2MASS J06365367+0118455 however, the splitting of 61 lines was measured.
The J and g values used here were taken from the Kurucz linelist, and we assumed a constant uncertainty of 0.02 for the g eff of lines with existing laboratory data. However, laboratory data are unavailable for the Ce iii lines and for the unknown lines (see Section 4), such that it was necessary to estimate the g eff of these lines. To do so, we defined a sub-sample of 34/157 stars with high-S/N spectra, particularly well-resolved magnetically split features, and measurements of lines with known g eff in addition to Ce iii and the unknown lines. The lines with known g eff were used to calculate preliminary B measurements for the 34 stars. These values were then used derive average estimates of g eff for the Ce iii and unknown lines. Table 1 summarizes the 149 lines used for measurement of B , providing the vacuum wavelength, log(gf ), energy levels, and g eff for each line, as well as the number of stars for which magnetic splitting was measured. Overall, we find relatively low g eff for Ce iii and the unknown lines, which together average g eff ∼1.07. The weak Ce iii 15720Å line has the highest estimated value at g eff ∼1.39, but unfortunately this line is rarely observed.
H-band Results
The upper panel of Figure 2 shows the distribution of measured B of all Ap stars known to exhibit RMSLs, with the new discoveries presented in this Letter shaded in green and with those from Mathys (2017) shaded in gray. The average for the APOGEE sample is B ∼7.1 kG, while the average for all stars including those of Mathys (2017) is a bit higher at B ∼7.3 kG due to the inclusion of Babcock's Star. The distribution of B measured using APOGEE spectra ranges from ∼3.6 kG in the case of 2MASS J02463240+0001145 up to ∼25 kG in the case of 2MASS J02563098+4534239. A total of 19 new examples of stars with B >10 kG are identified, thus filling in the previous gap between 10-11 kG.
The lower limit on B of ∼3.5 kG measurable from the APOGEE spectra is a consequence of resolving power, whereby the smallest splitting that we can measure is about 0.6Å. For a star with strong Mn i 15222Å (g eff =1.969), splitting should be visible down to B of just below 3 kG. No such examples have been found, however, meaning that it is not possible to investigate the notion of an intrinsic lower limit to measurable field strength of B ∼ 2 kG (Mathys 2017). Figure 3 shows an example of a magnetically split line for each of the 157 stars, generally showing the most clearly resolved line. In the cases where Ce iii 16133Å is displayed, narrow spikes blueward of the line are residuals from the imperfect removal of the aforementioned strong airglow line at 16129Å.
Optical Results
The same procedure described in Section 5 was applied to the 29 optical follow-up spectra obtained with the ARC 3.5m telescope and ARCES spectrograph in order to provide a sanity check on the H-band measurements of B . As expected, the stars exhibit numerous RMSLs in the optical. For the 19/29 stars with B <8 kG, we relied primarily on limited numbers of long wavelength lines (7000-10200Å), while for the 10/29 stars with B >9 kG, we measured hundreds of RMSLs for each star, keeping the 50 lines nearest to the average. Another 3 of the 157 stars were included in the Mathys (2017) sample of stars for which magnetically split lines had been previously resolved in optical spectra.
As demonstrated in the lower panel of Figure 2 , we find good agreement overall between the H-band and optical measurements, with the results agreeing to within a kG in most cases. The most discrepant results pertain to the star 2MASSJ 07123042-2103537 (HD 55540), where we find B =15.0 kG despite Freyhammer et al. (2008) having found B =12.7 kG. The three available APOGEE spectra of this star allow us to confirm that not only is the difference due to temporal variability of the observed B , but also that the star is indeed radial velocity variable as pointed out by Freyhammer et al. (2008) .
We also used the optical spectra to estimate traditional spectral types based on comparison of the tar- Table 2 summarizes the H-band and optical magnetic field modulus measurements, giving 2MASS designations, alternate identifiers, V magnitudes from UCAC4 (Zacharias et al. 2013 ), H magnitudes from 2MASS, the number of APOGEE spectra of each star, the S/N ratio of the combined spectrum, a literature or estimated spectral type if available, the magnetic field modulus B , and the number of spectral lines used to measure B . In the cases where optical measurements were available, the final columns of Table 2 provide the associated B measurement and the number of spectral lines used. Less reliable measurements of B , usually due to large scatter between different lines and/or measurements near the resolution limit of APOGEE are given in parentheses in Table 2. 6. CONCLUSIONS Although spectroscopic observations at long wavelengths such as in the H-band help to maximize the ∆λ term of Equation 1 and to lessen the impact of blending due to the Doppler effect, this Letter represents the first serious exploitation of this wavelength regime for investigating the magnetic fields of Ap stars. The APOGEE sample of Ap stars with RMSLs represents a 183% increase in the number of Ap stars with B measurements, bringing the total to 238 stars. As the SDSS/APOGEE survey is still ongoing, this number is expected to increase. Detailed characterization of the now much larger sample of Ap stars with RMSLs may help to shed light on the origin of magnetic fields in stars with radiative envelopes as well as the relations between magnetism and other factors such as binarity and rotation. In particular, an investigation of the stellar parameters and chemical abundances of the sample would be a worthwhile effort, as would be high-resolution spectroscopic monitoring to measure the average value of B and the rotational period.
As demonstrated in the histogram of magnetic field modulus presented in Figure 2, 
